We reported an efficient way of preparing large and dense ferromagnetic arrays of vertically-aligned Ni nanotubes (NTs). The synthesis method allowed then for a direct, effective and controllable thermal conversion of the as-prepared Ni NTs into heterostructured Ni/NiO NTs, without compromising the nanostructures' verticality to the substrate and their initial tubular integrity. Next, we demonstrated the ability to tune the dipolar interaction field (DIF) in this array of one-dimensional (1D) Ni/NiO heterostructures, just by slightly changing the thickness of the antiferromagnetic NiO layer. Furthermore, the proposed fabrication method assures full compatibility with the standard Si processing, providing thus a direct pathway towards large-scale integrability and manufacturing of a new generation of magnetic devices relying on dense arrays of vertical 1D magnetic nanostructures.
Introduction
The large and dense arrays of nanowires (NWs) vertically-aligned on a substrate are benecial for a wide range of applications, such as eld-emission displays, surface-enhanced Raman scattering (SERS), energy harvesting, optoelectronics, multiferroic systems, biosensors and nanomedicine, only to mention a few. [1] [2] [3] [4] [5] [6] [7] [8] 56 Besides, the tubular geometrical shape of the synthesized nanostructures may expand the range of multifunctional applications, as demonstrated using vertically-aligned forests of carbon nanotubes (NTs) and inorganic NTs. [9] [10] [11] [12] [13] In this regard, the arrays of homogeneous and heterostructured magnetic NTs have recently attracted a lot of interest, since they are promising for potential applications, such as magnetic bio-devices, anodes for lithium ion batteries and storage devices. [14] [15] [16] [17] Compared to the typical case of homogeneous NWs, 18, 19 the presence of the inner cavity and the possibility of changing the wall thickness provide an additional geometric parameter that can be used to further control or tailor their magnetic behavior. 20 Specic temperature-dependent magnetic properties such as the coercive eld and its angular variation, as well as the reversal mechanism and magnetic conguration in a single NT have been extensively studied.
20-24
Nevertheless, little has been yet reported regarding the dipolar interaction eld (DIF) in dense arrays of NTs, 25, 26 which is expected to play an important role in the development of magnetic devices with controlled anisotropy. Furthermore, the fabrication of large arrays of ferromagnetic/antiferromagnetic NTs is of particular interest, as such heterostructured NTs can be expected to overcome the superparamagnetic limit and enhance the thermal stability of ultra-high density magnetic memory storage devices. 27 However, their fabrication remains up-to-date challenging, hence a limited number of studies have been performed so far on metal oxide NT arrays directly prepared by either chemical vapor deposition (CVD), 24, [28] [29] [30] anodization methods [31] [32] [33] [34] or other template-free protocols.
35
A cost-effective way to obtain homogenous arrays of NTs with controlled geometrical parameters and vertical ordering is a multi-step process, entailing an electrochemical synthesis of metallic NTs within a suitable nanoporous template, 13 followed by their subsequent thermal conversion into metal oxide NTs.
19
Although the growth of densely-packed magnetic NTs was already attempted using either track-etched polycarbonate (PC) 26 or selfsupported anodic aluminum oxide (AAO) [36] [37] [38] [39] membranes, none of these template-based technologies managed to solve the verticality problem, and thus to enable the design of homogenous vertical free-standing NT arrays with tunable geometrical features. In contrast, supported nanoporous AAO represents an amiable nanotechnological platform for development of low aspect-ratio elongated nanostructures capable of remaining perpendicular to the substrate aer the embedding host removal. 40 Additionally, the process allows the subsequent thermal oxidation steps of the NTs to be carried out without taking away the AAO, thus preventing the NTs outer deformation and/or lateral volume expansion during the annealing procedures.
Here we report the electrochemical synthesis within supported AAO templates and subsequent controlled oxidation of vertically-aligned arrays of Ni NTs, to ultimately form Ni/NiO heterostructured NTs with different oxide wall layer thicknesses. We found that the DIF decreases as the NiO wall thickness is increased, which shows that the oxide lm can serve as a parameter for controlling the magnetic properties of the NTs, thus it could be of potential interest in applications where the dipolar interaction through the magnetic array needs to be controlled.
Materials and methods

Samples preparation
Analytical grade (99.99%, unless otherwise specied) chemicals were used in this work as provided, without further purication. The aqueous solutions were prepared with deionized water (DIW). The chemical products, including the DIW, were purchased from VWR, Belgium.
The dense array of parallel vertically-standing Ni NTs was produced by electrochemical synthesis within the nanopores of a supported AAO template (Fig. 1) . A freshly cleaned Si wafer was rst coated with a Pt/Al (50/1000 nm) bi-layer using a magnetron sputtering equipment (Plassys MP500S). An ultrathin Ti lm (5 nm) was also employed between the substrate and the successive metallic layers to act as an adhesion promoter. Although Au is typically preferred as electrode well-withstanding the electrochemical processes, 41, 42 Pt was selected in this work for a better substrate's mechanical and chemical stability during the forthcoming high-temperature annealing treatments. The as-prepared substrate was next exposed to a single step anodization process in 0.3 M oxalic acid at 2 C, by applying 60 V from a Keithley 2400 sourcemeter. The obtained nanopores were then chemically widened in 0.5 M H 2 SO 4 at 40 C for 2 h
[ Fig. 1(a) ]. The resulting AAO lm had a thickness of $1.4 mm, as well as a nanopores mean interspacing (D) of $150 nm and an average pores diameter (f) of $110 nm, thus a porosity (P) of $50% estimated from:
In a second stage, arrays of Cu/Ni core/shell NWs were grown in the pores of the supported AAO template [ Fig. 1(b) ] by coelectrodeposition (ECD).
26, 43 The core/shell NWs were cosynthesized at room temperature from an aqueous bath containing: 0.4 M Ni(H 2 NSO 3 ) 2 $4H 2 O, 0.05 M CuSO 4 $5H 2 O and 0.1 M H 3 BO 3 . The process was carried out in a 'three-electrodes' potentiostatic conguration (using a PAR 263A Potentiostat) by applying to the working electrode (the substrate) À1 V versus a double-junction Ag/AgCl reference electrode (KCl saturated, E ¼ 0.197 V), while a Pt foil was installed in the bath as a counter electrode. The process duration was adjusted to 65 s for an average length of the AAO-embedded core/shell NWs of $400 nm. The obtained cathodic reduction curve is depicted in Fig. 2(a) , resembling the typical ECD behavior of an AAOassisted chronoamperometric process, where the sharp current increase in the beginning is mainly related with the formation of a diffusion layer of cations in the solution and the NWs nucleation on the Pt cathode at the bottom of the pores, whilst the subsequent current plateau occurs when the gradient of ions concentration is equilibrated and is mainly associated with the NWs vertical growth within the AAO nanopores. The Cu/Ni core/shell NWs are obtained in specic conditions (applied potential and concentration ratio between the cations) due to a phase separation between the two metallic elements triggered by an existing miscibility gap in their solubility. Their vertical growth is thus supported by the different nucleation rates between the two phases, where the faster Cu reduction induces the initial formation of small Cu islands, while the Ni growth is progressively enhanced at the islands periphery as the solution is depleted from Cu cations.
Next, the Cu cores were electrochemically etched [ Fig. 1 (c)] using the same bath and conguration, by applying a positive potential of +0.2 V, while the Ni did not present a signicant etching due to its passivation in sulfamate solutions, [43] [44] [45] ultimately favoring the formation of Ni NTs. Fig. 2(b) shows the obtained oxidation current curve, where the sharp initial negative increase is attributed to the large amount of available Cu. Once the Cu anions concentration in the solution increases, the amount of solid Cu inside the Ni NTs reduces and the oxidation rate decreases determining the current to progressively approach zero once the Cu dissolution is nished. Noteworthy, the template synthesis connement plays an important role in the formation of such coaxial Cu/Ni architectures with easily removable Cu cores. In particular, the co-ECD within nanopores as small as 50 nm determines the formation of complex mixed-phase NWs made up of a Cu-Ni alloy, 44 as observed also in the case of thin lms co-deposited electrochemically by template-free approaches where a subsequent Cu etching step triggers the occurrence of interesting Ni nodular structures with hollow cavities.
35
Thermal treatments were ultimately performed using a Carbolite GTF 12/728 tube furnace in order to convert the subsequently obtained Ni NTs into heterostructured Ni/NiO NTs. The annealing steps were performed without removing the AAO host for preventing NTs outer radial expansion during the thermal oxidation stress, whilst the hollow tubular structure of the Ni nanoarchitectures allowed their inner thermal exposure. The samples were ramped with 5 C min À1 at an annealing temperature of 450 C, kept there for 30 min, 105 min and 240 min, respectively, and nally taken out from the oven and le to slowly cool down to room temperature.
47
The AAO nanoporous host was optionally removed [ Fig. 1 (d) and (e)], before or aer the thermal annealing procedures, mainly to allow subsequent morphological observations of the NTs. The AAO chemical etching was performed at room temperature in a 2 M NaOH solution for 15 min. The samples were aerwards carefully and thoroughly rinsed with DIW and then le to dry under atmospheric conditions for several hours. 40 
Samples characterization
Morphological observations of the samples were performed using a JEOL 7600F eld-emission scanning electron microscope (SEM), equipped with transmission electron microscopy (STEM) capabilities. The STEM specimen was prepared by scratching the Ni NTs from the substrate and spreading them on a typical mesh support using tiny isopropanol droplets.
Structural characterization of the NTs before and aer the thermal conversion step was accomplished by using an X-ray diffraction (XRD) equipment operating with CuKa 1 radiation (l ¼ 1.54056Å).
Magnetic investigations were carried out by alternating gradient magnetometery (AGM), using a PMC MicroMag 2900 apparatus. Hysteresis loops and First-Order Reversal Curves (FORCs) were consequently obtained at room temperature with the magnetic eld applied parallel and/or perpendicular to the NTs axis. and an inner diameter of $80 nm, thus leading to an average NTs wall thickness of $15 nm, as conrmed by the SEM observations. Next, additional STEM analysis pointed out that the obtained elongated Ni nanostructures exhibited indeed a homogenous tubular structure being hollow on their whole length [inset of Fig. 3(a) ]. The NTs length was adjusted by mainly controlling the accumulated charge during the co-ECD process, at values around 400 nm. In addition, aer the annealing step [ Fig. 3(c) ] the overall aspect morphology of the NTs was similar with the one observed before the annealing process. However, a slight reduction of the NTs inner diameter of several nm can be observed, whereas the outer diameter remained consistent with the result observed before the thermal treatment. The latter observation was attributed to the presence of the AAO host preventing the radial outer expansion of the NTs during the annealing procedure. Moreover, due to the very small initial wall thickness of the Ni NTs, the annealed Ni/NiO heterostructures remained opened, still resembling a tubular structure, although small irregularities seen in the inner diameter might suggest inhomogeneous oxidation of the initial Ni NTs wall. Under similar conditions, it was demonstrated elsewhere that the complete closure of the heterostructures wall might be reached for a total annealing duration of about 300 min.
Results and discussion
Morpho-structural investigation
36
Fig . 4 shows the XRD spectra acquired from two substrates with vertically-aligned Ni NTs as-prepared (a) and heterostructured the relatively broad and predominant Pt (111) peak, the common metallic Ni (111) phase at $44.5 was clearly observed on both non-annealed and annealed samples, although the additional Ni (200) peak at $52 was slightly enhanced only aer the annealing process (JCPDS 01-1260), possibly due to Ni thermal recrystallization mechanisms, as reported elsewhere. 18, 48 Furthermore, the annealing process complementarily generated a diffraction peak at $43.5 attributed to the NiO (200) crystal phase (JCPDS 22-1189) and thus demonstrating the partial conversion of the Ni NTs into heterostructured Ni/NiO NTs. The absence of the NiO (111) peak around 38 could be particularly explained by the presence of the broad Pt (111) peak within the XRD spectra. The obtained results can be also corroborated with the magnetic measurements presented in Section 3.2, that ultimately conrmed the formation of hybrid Ni/NiO NTs via the thermal annealing approach. In contrast, the annealing caused no appreciable change in the shape of the hysteresis loops along the t direction. Therefore, the annealing process led to an increase in the effective shape anisotropy as evidenced by the less sheared hysteresis loops along the k direction to the NTs axis [see Fig. 5(a) ], thus reinforcing the latter as the easy axis. For an assembly of high aspect ratio nanoparticles, it is known that the effective anisotropy results from the anisotropy of the particle lowered by the DIF between them, i.e. antiferromagnetic interaction in the case of parallel arrays of NTs. 26, 49 Since the shape anisotropy in such elongated nanomagnets is not modied by the annealing process, the enhancement of the shape anisotropy can be then attributed to a decrease of the DIF, which is known to directly depend on the effective lling factor of particles in the array. 49 Furthermore, since the distance between NTs and outer diameter remained constant during the annealing process, the reduction of the DIF along the NTs axis and consequently the enhancement of the shape anisotropy ruled out the hypothesis of the uniform oxidation of the Ni NTs. On the contrary, our results are consistent with an oxidation of the inner surface of the NTs which results in a reduction of the wall thickness of the nonoxidized Ni NTs in contact with the pore walls of the AAO template. Indeed, it was demonstrated both theoretically and experimentally that the cavities in NT assemblies reduces the DIF when compared with NW assemblies and the derived expressions also predicted that the DIF is further reduced as the wall thickness of the ferromagnetic NTs becomes smaller.
Magnetic characterization
25,26
Such a scenario involving the growth of heterostructured Ni/ NiO NTs through annealing was consistent with the observed magnetic behavior in the present study.
In order to provide quantitative estimation of the DIF changes during all stages of the annealing process, the AGM was employed to measure a large number (about 150) of FORCs along the NTs axis. In this context, aer saturation the magnetization (M) was measured starting from a reversal eld (H r ) back to the positive saturation, tracing out a FORC referred as M(H,H r ). A family of FORCs was then measured at different H r , with an equal eld spacing, thus lling the interior of the major hysteresis loop, as shown in Fig. 6(a)-(c) for the three different NTs array samples. The FORC diagrams were calculated by a mixed second order derivative, as proposed by R. Pike:
where H was the applied eld and H r was the return eld. The coercive eld distribution and the DIF at saturation between particles were obtained by plotting the FORC diagrams in the interaction-coercivity plane. It was thus convenient to change the coordinates to the coercive eld H c ¼ (H À H r )/2 and the DIF H u ¼ (H + H r )/2, with H c and H u on the horizontal and vertical axes, respectively. For arrays of elongated particles like the NTs, the FORC diagrams can be interpreted properly in a mean-eld approximation where the total magnetization dependent DIF is given by H int ¼ a Z m, with a Z as the mean DIF factor and m the normalized magnetization which varies between À1 and +1. Fig. 5(a) . Indeed, the maximum observed in the FORCs along the H c axis can be associated to a good approximation with the average value of the coercive eld, i.e. H c ¼ 200 Oe for the non-annealed sample and H c ¼ 360 Oe for the two annealed samples. Furthermore, for demagnetizing type interactions, the average DIF at saturated state was determined by the half-width of the FORCs distribution along the H u axis. [52] [53] [54] Rough estimates of the DIF were indicated by black vertical arrows in Fig. 6(d)-(f) for the different NT arrays. It appeared that the DIF factor a Z was reduced from about 700 Oe for the non-annealed sample to about 400 Oe and 300 Oe aer annealing during 30 min and 105 min, respectively. As discussed before, such a reduction in the DIF is consistent with the less sheared hysteresis loops observed for the annealed samples along k direction to the NTs axis [see Fig. 5(a) ]. The FORC diagrams also show that the reversible magnetization switching was considerably reduced in the annealed NT samples, as evidenced by a strong reduction in the H c ¼ 0 component in the measured coercivity distribution. The DIF coefficient a Z could be estimated using:
where M s was the saturation magnetization, N x was the demagnetizing factor of the cylindrical NTs, P NT ¼ P(1 À b 2 ) was the packing fraction of the NTs, P was the porosity of the nanoporous AAO template, and b ¼ r 1 /r 2 was the ratio of the internal and external radii of the NTs. 26 For the non-annealed sample, using known values of M s(Ni) ¼ 485 emu cm À3 and template porosity P $ 50%, taking N x $ 6.02 for such nanocylinders (with an aspect-ratio, length/diameter of $3), 26 and using the estimated values of the external and internal diameter of 110 nm and 80 nm, respectively, as obtained from the SEM analysis, we calculated an a Z of $730 Oe. Next, it was assumed that the reduction of the saturation magnetic moment aer annealing shown in Fig. 5(a) was due to the thin metal oxide layer formed on the inner surface of the NTs which consequently led to a decrease of the wall thickness of the metallic Ni NTs. Under this assumption, we could calculate the reduction in the packing fraction of ferromagnetic material (P NT ) from 25% for the nonannealed sample to $13% and $10% aer annealing during 30 min and 105 min, respectively. This led to a reduction of the DIF coefficient a Z to 387 Oe and 286 Oe aer annealing during 30 min and 105 min, respectively, in great accordance with the values estimated from the FORC diagrams (see Fig. 6 ). Thus a very good agreement was observed between the measured and calculated values of a Z , which shows that both approaches provided correct results for the DIF. In addition, such analysis could be used to estimate the reduction in the ferromagnetic wall thickness from 15 nm for the non-annealed sample to about 8 nm and 6 nm aer annealing during 30 min and 105 min, respectively. Finally, it was noted that when the annealing time was increased to 240 min, both coercivity and squareness were reduced, as shown in Fig. 5(a) . Such a behavior was attributed to the fact that the tubular shape of the Ni material was lost due to the long annealing time, leading to an almost complete oxidation, thus giving rise to a discontinuous Ni layer or aggregates in the Ni/NiO NT arrays along the NTs axis.
Conclusions
In this work we developed an efficient and cost-effective pathway in which large and dense ferromagnetic arrays of vertically-aligned heterostructured Ni/NiO NTs can be produced. The method allowed the fabrication of hybrid hollow elongated nanostructures without compromising their verticality to the substrate, as well as their initial tubular integrity. Using adequately adapted AGM measurements, we demonstrated the ability to tune the DIF value within the magnetic array, just by slightly changing the thickness of the antiferromagnetic NiO thermally-grown layer. Furthermore, the subsequent FORCs-based analysis permitted an estimation of the DIF coefficients which were in close agreement with the calculated values among the thermally annealed samples, proving further the hypothesis of retaining a tubular hybrid structure of the Ni/ NiO NTs aer the thermal conversion process of the AAOembedded Ni NTs. Such dense arrays of ferromagnetic NTs may therefore potentially withstand individual magnetic addressability, by carefully tuning the DIF value in terms of changing the magnetic packing fraction either by adjusting the template porosity, or ultimately by controlling the degree of NTs thermal conversion step. The entire fabrication protocol is quite promising and amiable to further optimisations, opening an outstanding way towards direct integrability of devices relying on large magnetic arrays of vertically-standing elongated nanostructures.
